We use a three-dimensional climate model, the Goddard Institute for Space Studies (GISS) model II with 8 ø by 10 ø horizontal resolution, to simulate the global climate effects of time-dependent variations of atmospheric trace gases and aerosols. Horizontal heat transport by the ocean is fixed at values estimated for today's climate, and the uptake of heat perturbations by the ocean beneath the mixed layer is approximated as vertical diffusion. We make a 100-year control run and perform experiments for three scenarios of atmospheric composition. These experiments begin in 1958 and include measured or estimated changes in atmospheric CO2, CH4, N20 , chlorofluorocarbons (CFCs) and stratospheric aerosols for the period from 1958 to the present. Scenario A assumes continued exponential trace gas growth, scenario B assumes a reduced linear growth of trace gases, and scenario C assumes a rapid curtailment of trace gas emissions such that the net climate forcing ceases to increase after the year 2000. Principal results from the experiments are as follows: (1) Global warnting to the level attained at the peak of the current interglacial and the previous interglacial occurs in all three scenarios; however, there are dramatic differences in the levels of future warming, depending on trace gas growth. 
volcanic eruptions [Lamb, 1970; Mitchell, 1970; Schneider and Mass, 1975; Pollack et al., 1976; Hansen et al., 1978 Hansen et al., , 1980 Robock, 1981] . Still other radiative forcings, such as changes of solar irradiance, tropospheric aerosols, and land surface properties, may also be significant, but quantitative information is insufficient to define the trends of these forcings over the past several decades.
In this paper we study the response of a 3D global climate model to realistic rates of change of radiative forcing mechanisms. The transient response of the climate system on decadal time scales depends crucially on the response of the ocean, for which adequate understanding and dynamical models are not available. Our procedure is to use shnple assumptions about ocean heat transport. Specifically we assume that during the next few decades the rate and pattern of horizontal ocean heat transport will remain unchanged and the rate of heat uptake by the ocean beneath the mixed layer can be approximated by diffusive mixing of heat perturbations. This "surprise-free" representation of the ocean provides a first estimate of the global transient climate response which can be compared both to observations and to future simulations developed with a dynamically interactive ocean. We include in this paper a description of the experiments and an analysis of computed temperature changes; other computed quantities, such as 9341 changes in the atmospheric general circulation, precipitation, and sea ice cover will be presented elsewhere.
The climate model employed in our studies is described in section 2. Results of a 100-year control run of this model, with the atmospheric composition fixed, are briefly described in section 3. Three scenarios for atmospheric tra•e gases and stratospheric aerosols are defined in section 4. Results of the climate model simulations for these three scenarios are presented in section 5: section 5.1 examines the predicted global warming and the issue of when the global warnting should exceed natural climate variability; section 5.2 examines the spatial distribution of predicted decadal temperature changes, and section 5.3 examines short-term and local temperature changes. In section 6, we summarize the model predictions and discuss the principal caveats and assumptions upon which the results depend.
Our transient climate experiments were initiated in early 1983, being run as a background job on the GISS mainframe computer, a general-purpose machine (Amdahl V-6) of mid1970s vintage. Results for scenario A were reported at a conference in June 1984 [Shands and Hoffman, 1987] , and results from all scenarios were presented at several later conferences.
CLIMATE MODEL
The atmospheric component of the global climate model we employ is described and its abilities and limitations for simulating today's climate are documented as model II (Hansen et al. [1983] , hereafter referred to as paper 1). The model solves the simultaneous equations for conservation of energy, momentum, mass, and water vapor and the equation of state on a coarse grid with nine atmospheric layers and horizontal resolution 8 ø latitude by 10 ø longitude. The radiation calculation includes the radiatively significant atmospheric gases, aerosols, and cloud particles. Cloud cover and height are computed, but cloud opacity is specified as a function of cloud type, altitude, and thickness. The diurnal and seasonal cycles are included. The ground hydrology and surface albedo depend upon the local vegetation. Snow depth is computed, and snow albedo includes effects of snow age and masking by vegetation.
The equilibrium sensitivity of this model for doubled CO 2 (315 ppmv -. 630 ppmv) is 4.2øC for global mean surface air temperature (Hansen et al. [1984] , hereafter referred to as paper 2). This is within, but near the upper end of, the range 3 ø _+ 1.5øC estimated for climate sensitivity by National Academy of Sciences committees [Chamey, 1979; Smagorinsky, 1982] , where their range is a subjective estimate of the uncertainty based on climate-modeling studies and empirical evidence for climate sensitivity. The sensitivity of our model is near the middle of the range obtained in recent studies with general circulation models (GCMs) [Washington and Meehl, 1984 ; paper 2, 1984; Manabe and Wetheraid, 1987; Wilson and Mitchell, 1987] .
Ocean temperature and ice cover were specified climatologically in the version of model II documented in paper 1. In the experiments described here and in paper 2, ocean temperature and ice cover are computed based on energy exchange with the atmosphere, ocean heat transport, and the ocean's heat capacity. The treatments of ocean temperature and ice cover are nearly the same here as in paper 2, with the following exception. In paper 2, since the objective was to study equilibrium (t -. o0) climate changes, computer time was saved by specifying the maximum mixed layer depth as 65 m and by allowing no exchange of heat between the mixed layer and the deeper ocean. In this paper, since we are concerned with the transient climate response, we include the entire mixed layer with seasonally varying depth specified from observations, as described in Appendix A, and (except in the control run) we allow diffusive vertical heat transport beneath the level defined by the annual maximum mixed layer depth. The global mean depth of this level is about 125 m and the effective global diffusion coefficient beneath it is about 1 cm 2 s -1.
The horizontal transport of heat in the ocean is specified from estimates for today's ocean, varying seasonally at each grid point, as described in Appendix A. In our experiments with changing atmospheric composition, we keep the ocean horizontal heat transport (and the mixed layer depth) identical to that in the control run, i.e., no feedback of climate change on ocean heat transport is permitted in these experiments. Our rationale for this approach as a first step is that it permits a realistic atmospheric simulation and simplifies analysis of the experiments. [1984] , and others. We consider our simple treatment of the ocean to be only a first step in studying the climate response to a slowly changing climate forcing, one which must be compared with results from dynamically interactive ocean models when such models are applied to this problem.
A 100 YFAR CONTROL RUN
A 100-year control run of the model was carried out with the atmospheric composition fixed at estimated 1958 values. Specifically, atmospheric gases which are time-dependent in later experiments are set at the values 315 ppmv for CO2, 1400 parts per billion by volume (ppbv) for CH4, 292.6 ppbv for N20 , 15.8 parts per trillion by volume (pptv) for CC13F (F-11), and 50.3 pptv for CC12F 2 (F-12).
The ocean mixed layer depth varies geographically and seasonally, based on climatological data specified in Appendix A. No heat exchange across the level defined by the annual maximum mixed layer depth was permitted in the control run described in this section. The purpose of this constraint was to keep the response time of the model short enough that it was practical to extend the model integration over several time constants, thus assuring near-equilibrium conditions. The isolated mixed layer response time is 10-20 years for a climate sensitivity of 4øC for doubled CO2, as shown in paper 2. Note that the seasonal thermocline (i.e., the water between the base of the seasonal mixed layer and the annual maximum mixed layer depth) can have a different temperature each year; this heat storage and release can affect the interannual variability of surface temperature. The variation of the global-mean annual-mean surface air temperature during the 100-year control run is shown in Figure 1 . The global mean temperature at the end of the run is very similar to that at the beginning, but there is substantial unforced variability on all time scales that can be examined, that is, up to decadal time scales. Note that an unforced change in global temperature of about 0.4øC (0.3øC, if the curve is smoothed with a 5-year running mean) occurred in one 20-year period (years 50-70). The standard deviation about the 100-year mean is 0.11øC. This unforced variability of global temperature in the model is only slightly smaller than the observed variability of global surface air temperature in the past century, as discussed in section 5. The conclusion that unforced (and unpredictable) climate variability may account for a large portion of climate change has been stressed by many researchers; for example, Lorenz [1968] We use these interannual variabilities in section 5 to help estimate the significance of predicted climate trends and to study where it should be most profitable to search for early evidence of greenhouse climate effects. We defer further discussion of model variability and observed variability to that section.
RADIATIVE FORCING IN SCENARIOS A, B AND C

Trace Gases
We define three trace gas scenarios to provide an indication of how the predicted climate trend depends upon trace gas growth rates. Scenario A assumes that growth rates of trace gas emissions typical of the 1970s and 1980s -will continue indefinitely; the assumed annual growth averages about 1.5% of current emissions, so the net greenhouse forcing increases exponentially. Scenario B has decreasing trace gas growth rates, such that the annual increase of the greenhouse climate forcing remains approximately constant at the present level. Scenario C drastically reduces trace gas growth between 1990 and 2000 such that the greenhouse climate forcing ceases to increase after 2000. These scenarios are designed to yield sensitivity experiments for a broad range of future greenhouse forcings. Scenario A, since it is exponential, must eventually be on the high side of reality in view of finite resource constraints and environmental concerns, even though the growth of emissions in scenario A (=1.5% yr 'l) is less than the rate typical of the past century (=4% yr4). Scenario C is a more drastic curtailment of emissions than has generally been imagined; it represents elimination of chlorofluorocarbon (CFC) emissions by 2000 and reduction of CO 2 and other trace gas emissions to a level such that the annual growth rates are zero (i.e., the sources just balance the sinks) by the year 2000. Scenario B is perhaps the most plausible of the three cases.
The abundances of the trace gases in these three scenarios are specified in detail in Appendix B. The net greenhouse forcing, hTo, for these scenarios is illustrated in Figure 2 ; hT o is the computed temperature change at equili- by Ramanathan et al. [1985] , and scenario B is near the lower limit of their estimated range. Note also that the forcing in scenario A exceeds that for scenarios B and C for the period from 1958 to the present, even though the forcing in that period is nominally based on observations; this is because scenario A includes a forcing for some speculative trace gas changes in addition to the measured ones (see Appendix B).
Our climate model computes explicitly the radiative forcing due to each of the above trace gases, using the correlated k-distribution method [paper 1]. However, we The radiative forcing due to strataspheric aerosols (identical to Agung), and in the year 2025 (identical to E1 depends upon their physical properties and global distriChich6n), while in scenario A no additional volcanic aerosols bution. Sufficient observational data on strataspheric opacities and aerosol properties are available to define the stratospheric aerosol forcing reasonably well during the past few decades, as described in Appendix B. We subjectively estimate the uncertainty in the global mean forcing due to stratospheric aerosols as about 25% for the period from 1958 to the present. It should be possible eventually to improve the estimated aerosol forcing for the 1980s, as discussed in Appendix B.
The global radiative forcing due to aerosols and greenhouse gases is shown in the lower panel of Figure 2 . Stratospheric aerosols have a substantial effect on the net forcing for a few years after major eruptions, but within a few decades the cumulative CO2/trace gas warming in scenarios A and B is much greater than the aerosol cooling. Since the interannual variability of surface air temperature in the model is reasonably similar to the variability in the real world (Plate lb), this ratio provides a practical measure of when the predicted mean greenhouse warming is locally significant. Averaged over the full decade of the 1980s, the model shows a tendency toward warming, but in most regions the decadal-mean warming is less than the interannual variability of the annual mean. In the 1990s the decadal-mean warming is comparable to the interannual variability for many regions, and by the 2010s ahnost the entire globe has very substantial warming, as much as several times the interannual variability of the annual mean.
The warming is generally greater over land than over the The predicted signal-to-noise ratio (AT/o) is generally smaller at any given geographical location than it is for the global mean (Figure 3) , because the noise is significantly reduced in the global average. Thus for the single purpose of detecting a greenhouse warnting trend, the global mean temperature provides the best signal. The geographical distribution of the predicted global temperature change also can be used for "optimal weighting" of global data to enhance early detection of a climate trend [Bell, 1982] , but the impact of such weighting is modest and model dependent.
Our Concerning possible common model problems, a prime a priori candidate would be the modeling of moist convection, since it is a principal process determining the vertical temperature gradient. However, the treatment of convection in the models (GFDL, GISS, NCAR and BMO) ranges from moist adiabatic adjustment to penetrating convection, and all of these models obtain strong upper tropospheric warming. A more likely candidate among internal model deficiencies may be the cloud feedback. Although some of the models include dynamical/radiative cloud feedback, they do not include optical/radiative feedbacks. For example, it is possible that the opacity of (upper tropospheric) cirrus clouds may increase in a warming climate; this would increase the greenhouse effect at the surface, while causing a cooling in the upper troposphere.
A 
Short-Term and Local Temperature Changes
Although long-term large-area averages increase the signal-to-noise ratio of greenhouse effects, it is important to also examine the model predictions for evidence of greenhouse effects on the frequency and global distribution of short-term climate disturbances. Such studies will be needed to help answer practical questions, such as whether the greenhouse effect has a role in observed local and regional climate fluctuations. We illustrate here samples of model results at seasonal and monthly temporal resolutions, and we estimate the effect of the temperature changes on the frequency of extreme temperatures at specific locales. The object is not to make predictions for specific years and locations, but rather to provide some indication of the magnitude of practical impacts of the predicted temperature changes.
5.3.1. Summer and winter maps. We compare in Plate 5 the computed temperature changes in scenarios A, B, and C for June-July-August and December-January-February of the 1990s. In both seasons the warming is much greater in scenario A than in scenarios B and C, as also illustrated in Figure 3 . The relative warmings are consistent with the global radiative forcings for the three scenarios shown in Figure 2 ; the greater forcing in scenario A arises partly from greater trace gas abundances and partly from the assumed absence of large volcanic eruptions.
Features in the predicted warming common to all scenarios include a tendency for the greatest warming to be in sea ice regions and land areas, as opposed to the open oceans. At high latitudes the warming is greater in winter than in summer. We also notice a tendency for certain patterns in the warming, for example, greater than average warming in the eastern United States and less warming in the western United States. Examination of the changes in sea level pressure and atmospheric winds suggests that this pattern in the model may be related to the ocean's response time; the relatively slow warming of surface waters in the mid Atlantic off the Eastern United States and in the Pacific off California tends to increase sea level pressure in those ocean regions and this in turn tends to cause more southerly winds in the eastern United States and more northerly winds in the western United States. However, the tendency is too small to be apparent every year; in some years in the 1990s the eastern United States is cooler than climatology (the control run mean) and often the western United States is substantially warmer than climatology. Moreover, these regional patterns in the warming could be modified if there were major changes in ocean heat transports. climatolo•, which are typically several degrees Centigrade. The principal assumption in this procedure is that the shape of the temperature distribution about the mean will not change much as the greenhouse warming shifts the mean to higher values. We tested this assumption, as shown in Figure 4 for the 10 grid boxes which approximately cover the United States, and found it to be good. The illustrated case is the most extreme in our scenarios, the decade of the 2050s of scenario A, for which the global mean warming is about 4øC. Note in particular that there is no evidence that the distribution toward high temperatures in the summer becomes compressed toward the mean as the mean increases; indeed, the small change in the distribution which occurs is in the sense of greater variability, suggesting that our assumption of no change in the distribution will yield a conservative estimate for the increase in the frequency of hot events.
July maps. We examine in
We also examined the effect of the greenhouse warming on the amplitude of the diurnal cycle of surface air With hot, normal and cold summers defined by 1950-1979 observations as described earlier, the climatological probability of a hot summer could be represented by two faces (say painted red) of a six-faced die. Judging froin our model, by the 1990s three or four of the six die faces will be red. It seems to us that this is a sufficient "loading" of the dice that it will be noticeable to the man in the street.
We note, however, that if, say, a blue die face is used for a cold summer, there is still one blue die face in both the 1990s and the first decade of the next century. Thus there remains a substantial likelihood of a cold season at any given location for many years into the future. We concluded earlier that the magnitude of global mean greenhouse warming should be sufficiently large for scientific identification by the 1990s. We infer from the computed change in the frequency of warm summers that the man in the street is likely to be ready to accept that scientific conclusion.
We also conclude that if the world follows a course between scenarios A and B, the temperature changes within several decades will become large enough to have major effects on the quality of life for mankind in many regions. The computed temperature changes are sufficient to have a large impact on other parts of the biosphere. A warnting of 0.5øC per decade implies typically a poleward shift of isotherms by 50 to 75 km per decade. This is an order of magnitude faster than the major climate shifts in the paleoclimate record, and faster than most plants and trees are thought to be capable of naturally nilgrating [Davis, 1988] . Managed crops will need to be adapted to more extreme conditions in many locales. ; thus these results imply that the impact on crops can be very nonlinear with increasing mean temperature. Another example of nonlinear response by the biosphere to increasing temperature is evidence that many coral populations expell their symbiotic algae when water temperature rises above about 30øC, which leads to death of the coral if temperatures remain in that range, as evidenced by recent events in the tropics [Roberts, 1987] .
Negative impacts of greenhouse warming on the biosphere are undoubtedly greatest in regions where species are close to maximum temperature tolerance limits. Such impacts may be at least partially balanced by improved opportunities for productive life in other regions. Also the "fertilization" effect on crops due to increasing atmospheric CO 2 [Lemon, 1983] and other greenhouse climate effects such as changes in precipitation [Manabe and Wetheraid, 1987 ] may have impacts besides that of the temperature change. Our intention here is only to show that temperature changes themselves can have a major impact on life and that these effects may begin to be felt soon. We emphasize that it is the possibility of rapid climate change which is of most concern for the biosphere; there may not be sufficient time for many biosystems to adapt to the rapid changes forecast for scenarios A and B.
DISCUSSION
Our simulations of the global climate response to realistic time-dependent changes of atmospheric trace gases and aerosols yield the following results: (1) global warming greenhouse forcing is considerably greater. Therefore our within the next few decades at least to the maximum levels procedure has been to consider a broad range of trace gas achieved during the last few interglacial periods occurs for scenarios and to provide formulae (Appendix B) which allow all the trace gas scenarios which we consider, but the calculation of where the climate forcing of any alternative magnitude of further warming depends greatly on future scenario fits within the range of forcings defined by our trace gas growth rates; (2) the global greenhouse warming scenarios A, B, and C. should rise above the level of natural climate variability
We emphasize that as yet greenhouse gas climate forcing within the next several years, and by the 1990s there should does not necessarily dominate over other global climate be a noticeable increase in the local frequency of warm forcings. For example, measurements from the Nimbus 7 events; (3) some regions where the warming should be satellite show that the solar irradiance decreased by about apparent earliest are low-latitude oceans, certain continental 0 .1% over the period 1979 to 1985 [14qllson et al., 1986 ; areas, and sea ice regions; the three-dimensional pattern of FrOhlich, 1987] . As shown by the formulae in Appendix B, the predicted warming is model-dependent, implying that this represents a negative climate forcing of the same order appropriate observations can provide discrimination among of magnitude as the positive forcing due to the increase of alternative model representations and thus lead to improved trace gases in the same period. The observed trend implies climate predictions; (4) the temperature changes are the existence of significant solar irradiance variations on sufficiently large to have major impacts on man and his decadal time scales, but it does not provide information over environment, as shown by computed changes in the frea sufficient period for inclusion in our present simulations. quency of extreme events and by comparison with previous The greenhouse gas forcing has increased more or less climate trends; (5) some near-term regional climate varia-monotonically, at least since 1958; thus the greenhouse gas tions are suggested; for example, there is a tendency in the chinate forcing in the 1980s including the "unrealized" model for greater than average warming in the southeastern warming [Hansen et al., 1985] 4.2øC, say 1.5-2øC, in order to modify our conclusions significantly. Although we have argued [paper 2] that such a small sensitivity is unlikely, it would be useful for the sake of comparison to have GCM simulations analogous to the ones we presented here, but with a low climate sensitivity. Until such a study is completed, we can only state that the observed global temperature trend is consistent with the "high" climate sensitivity of the present model. However, extraction of the potential empirical information on climate sensitivity will require observations to reduce other uncertainties, as described below.
The needed observations include other climate forcings and key climate processes such as the rate of heat storage in the ocean. We believe that these assumptions give a global result which unrealized greenhouse warming in 1958. is as reliable as presently possible, given available know-It would be useful to also carry out simulations which ledge and modeling abilities for the ocean; in any case, this begin in say the 1800s, thus reducing uncertainties due to approach provides a first result against which later results possible disequilibrium in the initial conditions. These obtained with dynamically interactive oceans can be experiments would be particularly appropriate for extracting compared.
Climate Forcings 1988], and if the irradiance begins an extended upward
empirical information on climate sensitivity from the However, we stress that our ocean model yields relatively observed warming in the past century. Such experiments smooth surprise-free temperature trends. It excludes the were beyond the capability of our computer ( The single best place to search for the greenhouse effect We also stress the importance of measuring the rate of appears to be the global mean surface air temperature. If it heat storage in the ocean. As discussed earlier and by rises and remains for a few years above an appropriate Hansen et al. [1985] , on the time scale of a few decades significance level, which we have argued is about 0.4øC for there is not necessarily a great difference in the sur-99% confidence (30), it will constitute convincing evidence face temperature response for a low climate senitivity (say of a cause and effect relationship, i.e., a "smoking gun," in 1.5ø-2øC for doubled CO2) and a high climate sensitivity current vernacular. (say 4ø-5øC for doubled CO2). However, the larger climate Confirmation of the global warming will enhance the sensitivity leads-to a higher rate of heat storage in the urgency of innumerable questions about the practical impacts ocean. Since theoretical derivations of climate sensitivity of future climate change. Answers to these questions will depend so sensitively on many possible climate feedbacks, depend upon the details of the timing, the magnitude and such as cloud and aerosol optical properties [Some•¾ille a•d the global distribution of the changes of many climate paraRemer, 1984; Charlson et al., 1987] , the best opportunity for meters, information of a specificity which cannot presently major improvement in our understanding of climate sensi-be provided. Major improvements are needed in our undertivity is probably monitoring of internal ocean temperature. standing of the climate system and our ability to predict Such measurements would be needed along several sections climate change. crossing the major oceans. In principle, the measurements We conclude that there is an urgent need for global would only be needed at decadal intervals, but continuous measurements in order to improve knowledge of climate measurements are highly desirable to average out the effect forcing mechanisms and climate feedback processes. The of localfiuctuations. expected climate changes in the 1990s present at once a great scientific opportunity, because they will provide a 6.4. b, itial Conditio•,s chance to discriminate among alternative model representaBecause of the long response time of the ocean surface tions, and a great scientific challenge, because of demands temperature, the global surface temperature can be in that will be generated for improved climate assessment and substantial disequilibrium with the climate forcing at any prediction. [1983] shows that the longitudinally integrated transport in each ocean basin is consistent with available knowledge of actual transports.
In our 100-year control run there is no exchange of heat at the base of the mixed layer. In the experiments with varying atmospheric composition, we mimic, as a diffusion process, the flux of temperature anomalies from the mixed layer into the thermocline. The thermocline, taken to be the water below the annual maximum mixed layer, is structured with eight layers of geometrically increasing thickness, with a total thickness of about 1000 m.
An effective diffusion coefficient, k, is estimated below the annual maximum mixed layer of each grid point using an empirical relation between the penetration of transient inert tracers and the local water column stability (paper 2), the latter being obtained from the annual mean density distribution calculated from Levitus [1982] . The resulting global distribution of k is shown in Figure 15a [1984] , were specified as follows. For the first 6 months after the eruption, the opacity was uniformly distributed between the equator and 30øN, increasing linearly from r=0 at the time of eruption to r=0.25 3 months after the eruption and remaining constant for the next 3 months. Subsequently, the opacity was uniform from 90 ø to 30øN and from 30øN to 90øS, but with 2 times greater r in the northern region than in the southern region. Beginning 10 months after the eruption, ß decayed exponentially with a 12-month time constant.
The optical properties of the stratospheric aerosols before 1982 are based on measurements of Agung aerosols. The size distribution we used is that given by Toon and Pollack [1976] , which is based on measurements by Mossop [1964] ; it has mean effective radius and variance [Hansen and Travis, 
